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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-984

AERODYNAMIC EFFECTS OF SOME CONFIGURATION VARIABLES

ON THE AEROELASTIC CHARACTERISTICS OF LIFTING SURFACES

AT MACH NUMBERS FROM O. 7 TO 6.86

By Perry W. Hanson

SUMMARY

Results of flutter tests on some simple all-movable-control-type

models are given. One set of models, which had a square planform with

double-wedge airfoils with four different values of leading- and trailing-

edge radii from 0 to 6 percent chord and airfoil thicknesses of 9_ ll,

14, and 20 percent chord, was tested at Mach numbers from 0.7 to 6.86.

The bending-to-torslon frequency ratio was about 0.33. The other set of

models, which had a tapered planform with single-wedge and double-wedge

airfoils with thicknesses of 3, 6, 9, and 12 percent chord, was tested

at Mach numbers from 0.7 to 3.98 and a frequency ratio of about 0.42.

The tests indicate that, in general, increasing thickness has a

destabilizing effect at the higher Mach numbers but is stabilizing at

subsonic and transonic Mach numbers. Double-wedge airfoils are more

prone to flutter than single-wedge airfoils at comparable stiffness

levels. Increasing airfoil bluntness has a stabilizing effect on the

flutter boundary at supersonic speeds but has a negligible effect at

subsonic speeds. However, increasing bluntness may also lead to diver-

gence at supersonic speeds.

Results of calculations using second-order piston-theory aerodynamics

in conjunction with a coupled-mode analysis and an uncoupled-mode analysis

are compared with the experimental results for the sharp-edge airfoils at

supersonic speeds. The uncoupled-mode analysis more accurately predicted

the flutter characteristics of the tapered-planform models, whereas the

coupled-mode analysis was somewhat better for the square-planform models.

For both the uncoupled- and coupled-mode analyses, agreement with the

experimental results improved with increasing Mach number. In general,

both methods of analysis gave unconservative results with respect to the

experimental flutter boundaries.
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INTRODUCTION

The stringent operating requirements being placed on present high-
speed aircraft and missiles will very likely be accentuated in the future,
resulting in the design of structures of maximumefficiency with a mini-
mumof weight to sustain a given load. The resulting relatively flexible
structures can very easily invite aeroelastic instabilities such as flut-
ter and divergence. Parameters that determine the aeroelastic character-
istics of these vehicles must be considered over the entire speed range
from subsonic to transonic through supersonic and hypersonic. The
extremely high speeds involved are dictating major changes in airfoil
configurations, particularly on missile lifting and control surfaces.
Wedgeand double-wedge airfoils are being more widely used and airfoils
with blunt leading edges are also coming into greater use in order to
satisfy aerodynamic-heating requirements. Therefore, amongthe aero-
elastic parameters which are becoming increasingly important are the
airfoil thickness, shape, and bluntness.

These parameters and others have been investigated analytically at
the higher Machnumbers (e.g., refs. 1 and 2), and someexperimental
investigations of single-wedge airfoils have been carried out at high
Machnumbers (for example, refs. 3 and 4) for specific surfaces. The
results of a few experimental trend studies at high Machnumbersare
available. Reference 5 presents results of _u investigation of the
aerodynamic effect of thickness on the flutter characteristics of some
simple rectangular-planform models having douole-wedgeairfoils tested
at a Machnumberof 7.2. Reference 6 presents results of tests at a
Machnumberof 7.0 of somedelta all-movable-_ontrol models having leading-
edge sweepangles from 60° to 80° and both single-wedge and double-wedge
airfoil sections. The effects of airfoil thickness on the transonic
flutter characteristics of someunswept recta_gular-planform wings with
circular-arc airfoil sections and someswept tapered-planformwings with
NACA65A-series airfoils are presented in reference 7 for Machnumbers
from 0.70 to 1.10. In reference 8, the effect of thickness on the flutter
characteristics of a simple rectangular-planf_rm wing having a beveled-
leading-edge flat-plate airfoil, a double-wedEeairfoil, and a flat plate
with a leading-edge radius of 2 percent chord was investigated at a Mach
numberof 3.0.

It will be noted that most of the investigations have dealt with
the effect of thickness or airfoil shape or b)th together at a particular
Machnumberor at best over a limited Machn_nber range. It is desirable
to study the effects of airfoil thickness, shape, and bluntness over a
wide range of Machnumbersfrom transonic to _ypersonic velocities. The
purpose of this investigation was to determine the effects of these param-
eters on the aeroelastic characteristics of somesimple all-movable-
control-type surfaces over a wide range of Ma_hnumbers (0.7 to 6.86)
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from transonic to hypersonic velocities. The models used were kept as

simple as possible in order that the structural properties and other

parameters not included in the study could be more easily controlled.

Basically, two types of models were tested: an unswept, square-planform,

shaft-mounted model and an unswept, tapered-planform, leaf-spring-mounted

model. The thickness of the square-planform models ranged from 9 to

20 percent chord and the bluntness range extended from O- to 6-percent-

chord leading- and trailing-edge radii. The thickness of the tapered

models ranged from _ to 12 percent chord for the double-wedge airfoils

and from 6 to 12 percent chord for the single-wedge airfoil.

SYMBOLS

a

b

b
•75

fb

ff

fn

fe

g

h

Ib

free-stream speed of sound, ft/sec

wing semichord, in.

wing semichord at 0.75-semispan station, based on exposed

semispan, measured parallel to airstream, in.

local chord, in.

thickness of square-model steel core and shaft, in. (see

fig. i)

streamwise distance from leading edge of reflection plane to

leading edge of square model, in.

tapered-model bending frequency (pitch degree of freedom

restrained), cps

flutter frequency, cps

natural frequency of n_h mode (n = i, 2, and 3), cps

tapered-model pitching frequency (bending degree of freedom

restrained), cps

acceleration due to gravity

perpendicular distance from tunnel wall to square-model root,

in.

mass moment of inertia about bending or clamp axis of model

including panel mounting block, shaft, and screws (includes

free portion of shaft of square models), in-lb-sec 2
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I m

M

m

q

R

r

re

t

W

W B

W T

W m

x

mass moment of inertia about pitch axis of all moving parts

of tapered-model mounting system_ in-lb-sec 2

mass moment of inertia about pitch axis of model including all

moving parts of mounting system (square-model shaft neglected),

in-lb-sec 2

length of semispan model, measured normal to root chord and

stream direction, in.

Math number

mass of portion of square model exposed to alrstream,

ib-sec2/in.

dynamic pressure, ib/sq ft

stiffness-altitude parameter,
i _k f2

6

square-model leading- and trailing-edge radius, in.

radius of gyration of model and mount assembly, referred to

Ieg for tapered models and

pitch axis, T (b.75) 2

for square models, in./in.

model maximum thickness (maximum thickness is at 0.50c for

double-wedge airfoils and at l. Oc for wedge airfoils), in.

weight of tapered model including Fanel mounting block, shaft,

and screws, lb

weight of tapered-model panel mounting block, shaft, and

screws, lb

weight of tapered model and moving portion of tapered-model

mounting system, W - W B + Wm

weight of entire moving portion of tapered-model mounting

system, ib

chordwise station, measured parallel to root chord from

leading edge, in.
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Y spanwise station, measured perpendicular to root chord from

the root, in.

vertical displacement of vibrating model from equilibrium

position

5 slope of straight-line portion of square airfoil surfaces, deg

nondimensional mass ratio parameter (ratio of mass of exposed

model to mass of volume of test medium contained in solid

generated by revolving each chord about its midpoint, length

of solid being wing semispan)

test-medium density, slugs/cu ft

Subscripts:

exp experimental

th theoretical

APPARATUS AND TEST PROCEDURE

Description of Wind Tunnels

The tests on the semispan wall-mounted models were conducted in

the Langley 2-foot transonic aeroelasticity tunnel for the Mach number

range from 0.7 to 1.17, in the Langley 9- by 18-inch supersonic aero-

elasticity tunnel for the Mach number range from 1.3 to 3.98 , and in

the Langley hypersonic aeroelasticity tunnel and the Langley ll-inch

hypersonic tunnel for Mach numbers 6.83 and 6.86, respectively.

The Langley 2-foot transonic aeroelasticity tunnel is a slotted-

throat single-return wind tunnel equipped to use either air or Freon-12

as a test medium. All the present tests were made with Freon-12. The

tunnel is of the continuous-operation type, powered by a motor-driven

fan. Both test-section Mach number and density are continuously

controllable.

The Langley 9- by 18-inch supersonic aeroelasticity tunnel is a

fixed-nozzle air blowdown-type wind tunnel exhausting into a vacuum

sphere. The nozzle configurations used in this investigation gave Mach

numbers of 1.50, 1.64, 2.00, 2.55, 3.00, and 3.98. At each Mach number

the test-section density varies continuously to a controlled maximum.
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The Langley hypersonic aeroelasticity tuanel and the Langley

ll-lnch hypersonic tunnel are both fixed-nozzle blowdown-type wind tun-

nels exhausting into a vacuum sphere. The nozzle configuration used in

the Langley hypersonic aeroelasticity tunnel _ith helium as a test medium

gave a Mach number of 6.85. This tunnel has _n 8-inch-diameter test sec-

tion. The nozzle configuration used in the Langley ll-inch hypersonic

tunnel with air as a test medium gave a Mach number of 6.86. The char-

acteristics of this tunnel are given in reference 9.

Test Procedure

The determination of a typical flutter l_)int in the Langley 2-foot

transonic aeroelasticity tunnel proceeded as follows: With the tunnel

evacuated to a low stagnation pressure, the compressor speed (Mach num-

ber) was increased until flutter occurred or until maximum permissible

speed was reached. If flutter did not occur the compressor speed was

reduced and the test-section density was incr,_ased by a small amount.

The Mach number was slowly increased again at the higher density. When

flutter occurred the test-section dynamic pressure and Mach number were

rapidly decreased by actuating a "flutter stopper" (a spoiler in the

diffuser section of the tunnel). The actuation of the flutter stopper

also locked the tunnel instruments so that the._ tunnel conditions neces-

sary to describe completely the flutter point could be recorded after

precautions had been taken to save the model. The compressor speed was

then decreased to a point well below the flut_er condition and the spoiler

was retracted. At this time the tunnel densi_,y was increased by a small

amount, after which the test-section Mach number was slowly increased

until the next flutter condition occurred. _Lis same procedure was

repeated several times, completely defining the flutter region within
the operational limits of the tunnel.

The test procedure used for all three blowdown tunnels was more

straightforward and essentially the same. With a nozzle installed to

give the desired Mach number, the tunnel was _vacuated to a very low

pressure. A control valve upstream of the teEt section was opened and

the density of the flow was allowed to increase at constant Mach number

until flutter occurred. Tunnel conditions throughout the run were

recorded on a recording oscillograph.

During each flutter condition the output_ from the bending and

torsion resistance-wire strain gages mounted cn the model shaft or

mounting springs were recorded on a recording oscillograph. From these

oscillograph records the flutter frequencies _ere determined. The

first two or three natural frequencies were o_tained for each model

before and after each tunnel test to determine whether or not the model

had been damaged.
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MODEI_

The semispan models tested were of two general types: one type

(hereinafter referred to as square models) was simple, square-planform,

shaft-mounted, all-movable-control-type models. These models were

designed to study the effect of bluntness on the aeroelastic properties.

The other general type (hereinafter referred to as tapered models) was

spring mounted in two degrees of freedom and had a ratio of tip chord

to root chord of 0.5. These models were designed primarily to study

airfoil shape and thickness effects.

Configuration and Construction

Square models.- All the square models had panel aspect ratios of

1.0, zero sweep, and a 4-inch span. The models were supported by a

shaft of rectangular cross section which was 3 inches long (i inch of

the shaft length was used for the clamping surface). Shafts having three

different thicknesses were used in order to have models with three

different levels of stiffness. The airfoils of this series of models

were all double-wedge airfoils although some had different leading- and

trailing-edge bluntnesses. The method of designating the different

model configurations is shown in table I along with the corresponding

model and shaft thickness, leading- and trailing-edge radii, and slopes

of the straight portions of the airfoils.

The method of construction is shown in figure i. Essentially, the

square models consisted of a stainless-steel core with integral shaft

to which lightweight balsa wood was bonded to give the different air-

foil shapes. The metal cores were drilled and weighted with lead in

such a manner that the inertial properties and frequency ratios of the

models having different airfoils and stiffnesses were very nearly

constant.

Figure 2 shows how these models were mounted and figure 3 shows the

methods used in the various tunnels to reduce tunnel-boundary-layer

effects. Reflection planes were used in the supersonic and hypersonic

tunnels and a semicircular fairing was used in the transonic tunnel.

Reflection plane 1 was used in the Langley hypersonic aeroelasticity

tunnel (helium flow) and the Langley ll-inch hypersonic tunnel (air

flow) before it was discovered that boundary-layer buildup along the

long reflection plane was causing a shock to impinge on the model.

Reflection plane 2 was constructed so that the distance from the leading

edge of the reflection plane to the leading edge of the model was

reduced from 3.9 inches to 1.0 inch; thus, boundary-layer buildup was

limited on the reflection plane. The models were tested again in the

hypersonic aeroelasticity tunnel and although there was little difference
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in the data obtained, reflection plane 2 was used in all subsequent

tests in the hypersonic aeroelasticlty tunnel.

Tapered models.- All the tapered models had a panel aspect ratio

of 1.493 , a taper ratio of 0.50, zero sweep, & 6.50-inch semispan, and

a 5.80-1rich root chord as shown in figure 4. All models were mounted

on leaf springs (fig. 5) in a manner permitting pitch and flapping

freedom. Double-wedge airfoils having maximum thicknesses of 3, 6_ 9,

and 12 percent chord and single-wedge airfoils having maximum thick-

nesses of 6, 9, and 12 percent chord were tested. In the tapered-model

configuration designation, the first number indicates the maximum air-

foil thickness in percent chord, the D or W indicates a double-wedge

or single-wedge airfoil, and the number l, 2, or 3 indicates the spring

configuration used; thus, model 3D-1 indicates a 3-percent-thick double-

wedge airfoil using springs 0.027 inch thick. (The spring thicknesses
are shown in fig. 5.)

The various airfoil shapes were obtained, as shown in figure 4, by

adding properly contoured plastic foam to a 3-percent-thick, solid-

aluminum, double-wedge-airfoil core. The center of gravity of all the

models was kept in the same location, and variations of other inertial

properties of the models were minimized by ballasting the models with

lead strips along the trailing edges.

Figure 5 shows the method of mounting the tapered models. Bending

and pitch springs of 3 different thicknesses were used to give stiff-

nesses such that flutter points could be obtained throughout the Mach
number range investigated.

Figure 6(a) shows the method of mounting the models on a reflec-

tion plane outside the boundary layer in the langley 9- by 18-inch

supersonic aeroelasticity tunnel and figure 6(b) shows how the models

were mounted through an opening in the semicircular fairing in the
Langley 2-foot transonic aeroelasticity tunnel.

The tapered models were not tested in the Langley hypersonic aero-

elasticity tunnel due to their relatively larg_ span. Hence the flutter

boundaries for these models were defined only _p to a Mach number
of 3.98.
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Physical Properties

Square models.- The pitch axis of all the square models was at

the 35-percent-chord position with the panel center of gravity at

53.5 percent chord and 50 percent semispan. _le center of gravity

did not deviate from model to model by more them 1/2 percent of the
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chord. These models were designed to have a mass equal to

450 X 10 -6 ib-sec2/in., a mass moment of inertia about the pitch axis

of 825 X 10 -6 in-lb-sec 2, and a "flapping" mass moment of inertia about

the shaft clamp axis of 7,900 × 10 -6 in-lb-sec 2. Few models varied by

more than 4 percent from these design values. Where slightly higher

variations occurred in one or more of the parameters, the data points

for these models were checked by testing other models of like configura-
tion. The actual values of mass and inertia of the various models are

shown in table Zl along with the test results. The first two natural

vibration frequencies also are shown in table II.

The first two natural vibration mode shapes of the square models

were determined experimentally for each of the three shaft stiffnesses.

This was done by forcing the model in one of its natural vibration

modes by means of an interrupted air jet to a sufficient amplitude to

allow mechanical measurement of the amplitude at the four corners of

the all-movable control. It was assumed that for the first two modes

the model panel did not deform and that all the flexing was done in the

mounting shaft. This assumption was verified qualitatively by viewing

the models vibrating at large amplitudes under a stroboscopic light.

These mode shapes, normalized on the maximum deflection, are presented

in table Ill along with the third natural vibration mode frequency

range and a typical node line for the three different shaft stiffnesses.

Tapered models.- All the tapered models had the pitch axis at

37 percent of the root chord and a bending axis 9 percent of the exposed

semispan inboard of the root chord. The panel centers of gravity of all

the tapered models were held to a position 2.50 inches from the root and

2.58 inches from the leading edge measured along the local chord parallel

to the root chord. The tapered models were designed to have a weight of

0.310 pound, and a pitching mass moment of inertia about the pitch axis

of 1,800 × 10-6 in-lb-sec 2, the mounting system being included. The

actual weights, inertias, and radii of gyration of the models and

mounting system are shown in table IV along with the first two experi-

mentally determined uncoupled frequencies for the three spring stiff-

nesses used. The panel mass distribution was calculated by assuming

the density of the aluminum core and plastic foam to be uniform. This

distribution is presented in table V.

The natural vibration mode shapes for the seven tapered models

were determined by the experimental method of reference i0 for spring

series i. It was assumed that the mode shapes would not change sub-

stantially with the slight change in stiffness caused by using spring

configuration 2 or 3 instead of i. These representative mode shapes

are presented in table VI. Typical node lines for the tapered models

are presented in figure 7. Only the first two natural vibration modes

were determined for each of the airfoil configurations except that the

third mode was determined for the 9-percent-thick wedge.
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RESULTSANDDISCUSSIOE

General

The basic data obtained from tests on the square models and the
tapered models are presented in tables VII an_!VIII, respectively.
The results are presented in figures 8 to 15 _n the form of stabil-
ity boundaries in terms of the variation with Machnumberof the

i _bf2
stiffness-altitude parameter R = 6 a V_ (for the tapered models,

b is taken at 0.75 semispan) an_ the flutter frequencies. The param-

eter R depends upon the physical properties of the wing - in partic-

ular, the torsional stiffness - and upon the _.tmosphere in which the

wing operates. Its value increases as either altitude or stiffness

increases. When R is plotted against Mach rumber, curves for constant

dynamic pressure will appear as radial lines through the origin. The

stable region is above the boundary. For the untapered models the mass-

ratio parameter _ is defined as the ratio of the mass of the model

(excluding the shaft) to the mass of the volume of the test medium con-

tained in the right circular cylinder whose h_ ight is the model semispan

and whose diameter is equal to the model chore. For the tapered series

the mass ratio is defined in the same manner except the model mass

includes the portion of the mounting system t_.at moves in the flapping

mode, and the volume of the test medium is th_.t which is contained in

the conical frustum whose height is equal to _.he model semispan and

whose bases have diameters equal to the model root and tip chords,

respectively.
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Square Models

Experimental.- From the experimental resllts shown in figure 8

of tests on the square models it can be seen _hat in the subsonic speed

range airfoil bluntness has little effect on _he flutter boundary. In

the immediate vicinity of a Mach number of l, the blunter models appear

to flutter at a slightly lower density than tile sharper models (the

flutter boundary is higher) but this trend is reversed just above a

M_ch number of 1 and increasing bluntness from 0-percent-chord radius

to l- and 5-percent-chord radii considerably :'aises the flutter density

(lowers the flutter boundary) for the rest of the Mach number range.
The model with 6-percent-chord radius warrant_ special consideration.

The flutter boundary drops sharply in the vic:.nity of a Mach number of l;

thus, a much higher dynamic pressure is required for flutter than for

the sharper models. However, at a Mach number of 1.5, the boundary is

approximately equal to that of the airfoil wi_h a 1-percent-chord radius.

For verification, three different models were tested at this Mach num-

ber. At M = 1.64 no flutter was obtained - instead, the models
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diverged - and this held true for the rest of the Mach number range.

The long-dashed line in figure 8 indicates the divergence boundary. In

most cases, the divergence was quite abrupt with the model striking the

reflection plane less than 0. i second after the first observable dis-

placement. At M = 3.98, however, the divergence occurred somewhat

more slowly and the extreme limits between start and completion of diver-

gence are indicated in figure 8 by the short-dashed line between two

solid data points. In an attempt to determine if the divergence was due

to bluntness or thickness, a model was tested at M = 3.0 that had a

6 percent leading and trailing edge but was only 12 percent thick instead

of 20 percent thick. The model still diverged but at a higher dynamic

pressure. A shortage of models precluded extending this test to other

Mach numbers.

Also shown in figure 8 are the experimental results of testing

square models all having sharp leading and trailing edges but having

three different thicknesses. It may be seen that increasing the thick-

ness from 9 to 14 and 20 percent chord raised the flutter boundaries

with the largest change occurring in the low supersonic Mach number

range when the thickness was increased from 14 percent chord to 20 per-

cent chord.

At M = 6.86 and 6.83, tests that were made on some airfoils with

O- and 1-percent-chord radius tested on reflection plane i are indicated

in figure 8 with a tick on the respective symbols. These points are

included to show the correlation between testing in helium at M = 6.83

and in air at M = 6.86. It would appear that for the sharp-edge air-

foils there is little difference between testing in helium and testing

in air. For the airfoil with 1-percent-chord radius, it appears that

the test in helium indicates a slightly higher boundary than the test

in air.

An indication of the experimental "scatter" is shown at several

Mach numbers where attempts were made to repeat a particular test.

In summary, for square models having frequency ratios, center-

of-gravity location, and pitch-axis location similar to those used in

the test, bluntness appears to be stabilizing at supersonic speeds from

the flutter standpoint except that extremes in bluntness may lead to

divergence problems. Likewise, in the supersonic regime, thickness

has a destabilizing effect on the flutter boundary.

Theoretical.- The calculated flutter boundaries are presented for

the square models with sharp-edge airfoils for the supersonic speed

range. Two-degree-of-freedom flutter calculations were made for these

models using the first two coupled or uncoupled flapping and pitching

modes in conjunction with the second-order piston theory of reference ll.
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The coupled modesand frequencies used in the _malysis were experi-
mentally determined as described in the section "Physical Properties. "
The procedure used for the coupled-modeanalysis followed closely that
of reference 12. The calculations for the uncoupled modesand frequen-
cies were based on the assumption that the exposed section of the model
vibrated as a rigid body while the elastic deformation took place in
the shaft. It was also assumedthat the panel masswas uniform over the
span, which was very nearly the case. The results of these calculations
are presented in figures 9, i0, and ii. In figure 9(a) the stiffness-
altitude parameter, as calculated by using the uncoupled-modeanalysis,
is plotted against Machnumberfor the three aArfoils under discussion.
Figure 9(b) shows the variation of the stiffness-altitude parameter with
Machnumberpredicted by the coupled-mode analysis, and figures i0
and ii show the agreementof the calculated stiffness-altitude parameter
and flutter frequencies with the experimental values. From figure 9(a)
it maybe seen that the uncoupled-modeanalysis correctly predicts the
experimentally determined destabilizing effect of thickness of the sharp-
edge airfoils. The coupled-modeanalysis (fig 9(b)) predicts the
destabilizing effect of increasing thickness f:'om 9 percent chord to
20 percent chord but showsno difference betwe,_nthe 9- and 14-percent-
thick airfoils. This analysis also predicts f_utter at generally lower
densities than the uncoupled-modeanalysis. The ratios of the theoretical
stiffness-altitude parameter to the experimental values presented in
figures lO(a) and lO(b) showthat the coupled-mode analysis agrees bet-
ter than the uncoupled-modeanalysis with the ,_xperimental values over
most of the Machnumber range. The ratios of _heoretical flutter fre-
quency to experimental frequency are presented in figures ll(a) and
ll(b) for the uncoupled- and coupled-modeanal_rsis, respectively. The
coupled-mode analysis more accurately predictecL the flutter frequencies
than did the uncoupled-modeanalysis, although neither method gave
really good results.

Thesediscrepancies between theoretical _d experimental values
maybe in part attributed to the fact that the models have a very low
aspect ratio with attendant relatively large t:p effects not accounted
for by the theory, particularly at the lower supersonic Machnumbers.
Also, it has been shownin reference 5 that fo:" very similar models,
the location of the pitch axis influenced grea'_ly the agreementbetween
second-order piston theory (using uncoupled modes) and the experimental
values of the stiffness-altitude parameter.
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Tapered Models

Experimental.- Figures 12(a) and 12(b) show the experimental

results of the tests on the tapered double-wedge and single-wedge air-

foils, respectively. For the case of the double-wedge airfoil at sub-

sonic speeds the effect of increasing thickness is to increase the
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stability. However_ above M = 1.15 this trend is reversed so that

thickness is destabilizing throughout the rest of the Mach number range.

It will be noted in figure 12(a) that just below M = 1.0 an irregu-

larity is evident in the flutter-boundary curves for the 9- and 12-percent-

thick airfoils. In order to investigate the cause of this, small tufts

of string were glued to the surfaces of the models and high-speed motion

pictures were taken of the models as the flutter condition was approached.

It was observed that the boundary layer was separating from the 9- and

12-percent-thick models just downstream of the midchord prior to flutter.

This phenomenon occurred over a range of Mach numbers that roughly

coincided with the irregular flutter boundaries for these models.

In figure 12(b) the results of _tests on the single-wedge airfoils

show that the 6-percent-thick airfoil is more susceptible to flutter

than the 9- or 12-percent-thick airfoils throughout the Mach number

range. As in the case of the double-wedge airfoils, below approximately

M = 1.15, thickness is stabilizing when the thickness is increased from

6 percent chord to 9 percent chord. However, for the single-wedge air-

foil there appears to be no appreciable effect of increasing thickness

from 9 to 12 percent chord. Unlike the double-wedge airfoils, the single-

wedge airfoils do not exhibit clear-cut thickness effects at supersonic

speeds. Generally, it would appear that the 12-percent-thick single

wedge is slightly more susceptible to flutter than the 9-percent-thick

single wedge but not appreciably so until M = 3.98.

In comparing the single-wedge airfoils with the double-wedge air-

foils it is seen that the boundaries of the 3-percent-thick double

wedge and the 6-percent-thick single wedge are almost alike except in

the transonic region where the slngle-wedge airfoil is much more sus-

ceptible to flutter than the double-wedge airfoil. In the supersonic

region, with the exception of these airfoils, the double-wedge airfoils

are seen to be more susceptible to flutter than the single-wedge
airfoils.

Theoretical.- Theoretical flutter boundaries for the tapered models

were calculated by using both uncoupled- and coupled-mode two-degree-

of-freedom analyses with second-order piston-theory aerodynamics. The

first two uncoupled modes used in the analysis were determined experi-

mentally by restraining the model in the unwanted degree of freedom

and physically measuring the vibrating deflection at the four corners

_of the panel. (The panel was assumed to be rigid with all flexing

taking place in the springs. ) These measurements, in addition to

viewing the vibrating model under a stroboscopic light, indicated it
would be reasonable to assume that the torsion mode consisted of a unit

twist along the entire span and the bending mode was the straight line

given by z = i_I-5(i.0 + 1.15 Y).. The uncoupled frequencies associated
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with these modes are given in table IV. (The same uncoupled mode shape

was used for all models. ) The experimentally measured coupled mode

shape and frequencies used in the coupled-mod_ analysis are shown in

table VI. The distributed mass properties used in all the calculations

are shown in table V.

The results of these calculations are presented in figures 13, 14,

and 15. The variation with Mach number of the theoretical stiffness-

altitude parameter obtained from both methods for the double-wedge air-

foils is shown in figure 13(a). The Inncouplec-mode analysis predicts

the destabilizing effect of airfoil thickness over the Mach number

range. The coupled-mode analysis is more conservative and the thick-

ness effects are not as well defined. For the slngle-wedge airfoils

(fig. 13(b)) the uncoupled-mode analysis gives more conservative results

than the coupled-mode analysis. It shows little effect of thickness

(as was indicated by the experimental results). Also, the effect shown

is such that the flutter boundary for the 12-1ercent-thick airfoil falls

between those of the 6- and 9-percent-thick a_rfoils. It will be

recalled that the experimental results indica±ed this trend also. Both

the coupled- and uncoupled-mode analyses give practically the same flut-

ter boundary for the 6-percent-thick single-wedge airfoil.

The agreement of the results of the two methods of analysis with

the experimental stiffness-altitude parameter is presented in figure 14.

It is seen that for both the single-wedge and double-wedge airfoils the

uncoupled-mode analysis agrees better with the experimental values than

does the coupled-mode analysis, particularly st the higher Mach numbers.

Figures 15(a) and 15(b) show the agreement between experimental flutter

frequencies and those calculated by using the uncoupled-mode analysis

for the double-wedge and slngle-wedge airfoils, respectively. A similar

comparison for the coupled-mode analysis for the two airfoil sections

is shown in figures 15(c) and 15(d). From these figures it can be seen

that the uncoupled-mode analysis comes closer to predicting the experi-

mental flutter frequencies for the single-wedge airfoils but there is

not much difference between the two methods iz the degree of accuracy

in predicting flutter frequencies of the double-wedge models.

L

1

6
2

6

CONCLUDING R_&_KKS

Tests on square-planform, all-movable-control-type models having

leading- and trailing-edge radii from 0 to 6 rercent chord and air-

foil thicknesses from 9 to 20 percent chord over the Mach number range

from 0.7 to 6.86 and on tapered-planform models with single-wedge and

double-wedge airfoil of thicknesses from 3 to 12 percent chord over the

Mach number range from 0.7 to 3.98 indicate a definite effect of air-
foil bluntness and thickness on the aeroelast_c characteristics.
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For the parameter ranges of the investigation, the tests indicate

that in the supersonic speed range the effect of thickness is destabi-

llzing_ while in the subsonic range it may be slightly stabilizing, for

both single-wedge and double-wedge airfoils.

The double-wedge airfoils fluttered at a lower density than single-

wedge airfoils of comparable stiffness. The effect of airfoil thickness

on the flutter characteristics of the single-wedge airfoils was not as

great as it was on the double-wedge airfoils.

Increasing airfoil bluntness, within limits, had a stabilizing

effect on the flutter characteristics of the square models in the super-

sonic speed range but had a negligible effect in the subsonic range.

Increasing airfoil bluntness to 6-percent-chord leading- and trailing-

edge radii led to divergence at Mach numbers greater than 1.3.

Flutter calculations using second-order piston-theory aerodynamics

in conjunction with an uncoupled-mode analysis and a coupled-mode anal-

ysis indicated that in general the uncoupled-mode analysis more accu-

rately predicted the flutter characteristics of the tapered models,

whereas the coupled-mode analysis was somewhat better for the square

models. For both the uncoupled and coupled-mode analyses, agreement

with the experimental results improved with increasing Mach number.

In general, both methods of analysis gave unconservative results with

respect to the experimental flutter boundaries.

Langley Research Center,

National Aeronautics and Space Administration,

Langley Air Force Base, Va., September 14, 1961.
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TABLE I.- MODEL DESIGNATIONS AND AIRFOIL DIMENSIONS

FOR SQUARE MODELS

Mode 1

de signat ion

(a)

o- 9-33-()
o-14-33-()
0-20-33-( )

i-i1-33-()
3-14-33-()
6-20-33-( )

o- 9-47-( )
o-14-47-( )
0-20-47-( )
1-11-47- ( )

3-14-47-()
6-20-4?-()
6-_2-47-()

o- 9-65-( )

o-14-65- ( )

o-eo-65-( )
1-11-65-( )
3-14-65-( )
6-eo-65-( )

r, in.

0

0

0

• 04

•12

.24

0

0

0

•04

•12

•24

• 24

t, in.

O. 35

•56
.80

•43
•56
•80

35

56
80

43
56
80

48

d, in.

0.033

.033

•033

•033

•033

.033

•047

•047

•047

•047
•047

•047
•047

0

0

0

.04

.].2

• 24

•35

•56
•80

•43

•56
.80

065

O65

O65

O65

o65

o65

8, deg

5.0

8.0

ii. 3

5.0

5.0

5.0

5.0
8.0

ii. 3

5.0

5.0

5.0

0

5.0

8.0

ll. 3

5.0
5.0

5.o

!

]

6

6

aThe first number in the designation r_presents the leading- and

trailing-edge radius in percent chord; the s_.cond group of numbers

represents the nominal maximum thickness in ]_rcent chord; the third

group of numbers represents the thickness of the shaft in thousandths of

inches; the last group is the model number in a particular airfoil

configuration•
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TABLE II.- PHYSICAL PROPERTIES OF SQUARE MODELS

Mode i

o- 9-53-2

o- 9-47-4

o- 9-47-3
o- 9-65-5

o- 9-65-2

o- 9-47-5

o- 9-65-4

o- 9-65-1
o- 9-47-1

O- 9-33-1

O- 9-47-5

O- 9-55-3

O- 9-35-6

O- 9-33-2

O- 9-47-2

O- 9-65-5

0-14-65-5

0-14-65-5

0-14-65-5

0-14-47-1

0-14-47-2

0-14-65-1

0-20-65-6

0-20-65-4

0-20-65-6

0-20-47- 3
0-20-47-3

0-20-65-4

0-20-47-1

1-11-47-5

1-11-65-3

1-11-65-1

1-11-47-4

1-11-47-6

1-11-65-2

m_

ib-sec 2

in.

458 X 106

456

457
461

462

460

455
464

459

457

457

4_
457
4_8
458
457

456

496
456

448

440

4_

447

443

447

445

445

443

455

459

451

454

465

463
461

18,

in-lb-sec 2

816

813

820

842

843
814

846

838
831

827
820

822

834

816

823
818

847

839
847

8O4

8O4

810

813

8O5

815

819

819

8O5

797

851
828

851

855
844

856

x 10 6 8,090 × 106

7, 950

7, 970

8,o55

8, 210

8, 080

8, 120

8,240

7, 970

8,067

7, 970

8,090

8,067

8,090

7,980

8, 400

8, 277

8,277

8, 277

7,785

7,690

7,922

8, 247

7,695

8, 247

7, 738

7, 738

7,695

7,650

7, 960

8, 018

8, 020

8, o53

7, 968

8,140

fl' f2'

cps cps

12.2 42.5

20.2 66.2

20. o 66.8

32.5 lO3. o
31.5 lO0.8

20.4 67.0

32.0 103.4

31.4 102.4

20.2 66.2

12. i 41.0

20.2 66. i

ii. 3 41.7

ii. 9 42.9

ii. 8 42.4

20.5 68.0

30, 9 i01.0

51.1 100.2

52.6 105.6

31.4 i00.8

20.4 70.4

18.4 66.8

31.6 105.0

35.6 iIi. 6

33.6 109.6

33.4 iii. 0

20.0 69.4

20.0 69.4

53.2 iii. 6

20.0 70. I

19.3 66.6

32.2 • i01.6

32.0 102.2

20.6 69.3

19.5 65.4

33. o lO4. o
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TABLE II.- PHYSICAL PROPERTIES OF SQUARE MODEI_ - Concluded

Model

i-i1-47-i

i-ii-33-5
1-11-47-5

1-11-53-1
1-11-55-4

1-11-_7-2

1-11-47-5

5-14-47-2

5-14-65-2

5-14-47-2

5-14-65-1

5-14-47-1

3-14-65-5

5-14-65-3

5-14-47-4

3-14-33-3

3-14-33-i

3-14-47-1

6-20-47-1

6-20-47-2

6-20-65- 3

6-20-65-1

6-20-47-2

6-20-65-1

6-20-47-1

6-20-65-2

6-20-65-6

6-20-47-3

6-12-47-2

6-20-35-i
6-20-47-2

6-20-47-2

m,

Ib-sec 2

in.

450

450

459

459

450

453
448

445
45O

445
448

448

467

454

458
446

447
448

455
441

437
448

441

448

435

456

447

445
428

442

441

441

x 106

18,

in-lb-sec 2

810

832

851

835
832

827

819

827

838
827
814

812

86O

837

835

834

836
8]2

x 106

Ib'

in-lb-sec 2

7,843

7,950
7,960

8, i05

7,920
7,877

7,788

7,748

8,050

7,748

7,863

7,785

8, 550

8, C90

7,947

7,915
7,850

7,785

802

813

788

793

813

793
802

820

813

827

797
856
813

813

7,61o

7,682

7,620

7,760

7,682

7,760

7,610

7,900
7,780

7,738
7,497

7,772
7,682

7,682

X 106

fl' f2,

cps cps

20.5 68.4
12.1 41.0

19.4 65.6

ii.8 45.4

ii. 7 45.2

19.9 67.6

20.4 67.4

20.2 70_ 0

32.8 109.4

20.6 69.6

32.5 107.2
20.9 72.8

31.9 lO8.0

33.2 112.2
20.8 72.6
12.4 44.2

12.0 44.0

20.5 72.4

20.8 74.4

20.3 72.0
34. i 117.5

32.6 115.0

19.8 70.0
32.6 i16.0

20.8 73.7

32.4 i17.6

34.0 i15.0

20.4 72.6

20.7 70.6
12.4 44.2

20.6 74.0

20.5 75.6

L

i

6

2
6
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TABLE III.- MODE SHAPES OF SQUARE MODELS

Mode

1

2

1

2

Natural

frequency,

cps
Leading Trailing

edge edge

Shaft thickness, 0.033 in.

O. 16 O. 27

.54 -.8o

Shaft thickness, 0.047 in.

O. 16 O. 26

•46 -. 76

Shaft thickness, 0.065 in.

Normalized deflection

Root chord Tip chord

Leading Trailing

edge edge

0.87 i. O0

i.O0 -. 56

0.83 1.00

1.oo -.
20.3
67.4

1 32.1 O. 16

2 99.8 .43

o.86

i. O0

Mode

Calculated uncoupled

mode shapes

(all shaft thicknesses)

1.0 + 3.756 Y

1.0

Uncoupled frequencies, cps, for

shaft thickness of -

O. 055 in. 0.047 in.

21.9

68.0

O. 065 in.

35.5

110.5

I

l

I
I

I
I
I
l
I

Typical node line for third mode

Shaft

thickness,
in.

0.033
._7

._5

Third mode

fre quen cy

range, cps

130 to 155

200 to 235

250 to 260
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TABLE IV.- PHYSICAL PROPERTIES OF TAPERED MODEL CONFIGURATIONS

Model

configuration

5D-I
-2

-3

6D-I

-2

-5

9D-I
-2

-5

12D-i

-2

-5

6W-I

-2

-5

9W-1

-2

-5

12W-I

-2

-5

W,

ib

O.2882

0. 3907

O. 5557

0.5297

O.2757

0.2944

0.2857

I,680 X 10-6

1,952 X 10-6

2,205 X l0-6

1,975 x 10-6

1,615 x i0 m6

1,774 X 10-6

i,686 x 10-6

Ib_ fb, fs'
in_ib_sec 2 re2 cps cps

8,710 x l0-6 0.445 28.5 69.9

26.6 65.7

19.4 46.5

10,660 x 10-6 0.447 25.4 62.0
22.0 52.6
17.5 41.0

ii, 120 X 10-6 0.507 24.1 61.1

22.1 51.5
16.8 41.1

9,960 >" 10-6 0.477 26.8 64.8

23.7 55.0
18.3 42.8

8,160 x 10-6 0.438 28.0 71.7

26.5 59.1

19.5 47.0

8,860 x 10-6 0.461 27.8 67.1

25.5 56.5

19.5 4_.i

8,610 x 10-6 0.447 26.6 68.6

25.8 55.5

19.2 44.9

Win, Ib ............................ 0.1960

Wm Ib ........................... 0.0577

Im, in-lb-sec 2 ....................... 205 X 10-6

Center of gravity, in. from root ............... 2.50

Center of gravity, in. from leading edge ........... 2.98

Pitch axis, in. from leading edge at root .......... 2.16

L

1

6

2

6
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TABLE VI.- REPRESENTATIVE COUPLEDMODE SKA_S OF TAPERED MODEL$

Deflections normalized on maximum deflectiolt; considered positive
when deflected wing is above sta_ic position]

(a) Model 5D

0

.25

.50

.75
1.00

0

•29

•90

.75
1.00

X

C
o o.15 o.85

Normalized deflection at y/_ =

35 55 75O. O. O. i i. O0

fl = 27.0 cps

0.056

.094

.132

.186

.234

0.161

•202

•259

.290
•334

0.329

.568

.598

.479

O.503
.556
.%8
.600

.632

O.680

•715
.758
•764

•790

O•779
.812

.831

.854

.876

o.920
•944
•960
.984

1.000

f2 = 79.4 cps

-0. 667

-. 256

.167

•578
1.000

-0. 700

-. 311

•089

•478
•876

-0• 722

-•567
0

•560
•722

-0.7%

-.434

-. 109
.216

.558

-o.780
-. 900
-.218

.072

•355

-0.790
-.534

-.271
-.008

•253

-o. 803

-. 581
-. 560

-. 155
.089

ro
o_

(b) Model 6D

X

C
o o.15 o.85

Normalized deflection at y/_ =

fl = 23.0 cps

I i. O0

0

•25
.50

.75
1.00

o.045
•i00

•157
•220

•267

O. 170

•225
•272

•326
•369

h

o.348 o.520
•588 .549
•430 .582
•468 .615

•505 .648

f2 = 69.1 cps

O. 694

•718
•746

•772
.796

o. 784
•8o4

•828

•852

•874

o. 922

•957
•956

•981
1.000

0

•50

•75
1.00

-o.648
-.235
•182

.600
1.000

-0.660

-. 271
•106

.484

.860

-0.680

-. 527

•007

•335
•855

-0.7OO

-.583
-.091

•194
•480

-o. 723
-. 441

-. 191

•059

•303

-0.735

-. 471

-.256

-.009

•218

-o.750
-.524
-.318
-. 106

•i00
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TABLE VI.- REPRESENTATIVE COUPLED MODE SHAPES OF TAPERED MODELS - Continued

(c) Model 9D

kO
('4
kO

0

•25

•50

.75
1.00

0

•25

.50

•75
1.00

Normalized deflection at y/l =
X

c 0 O. 15 O. 35 O. 55 O. 75 O. 85 1. O0

fl = 22.5 cps

O. 056

.107

.156

.203

•245

0. 199
•235
•278

•320

•357

O. 372
.410
.442

.476

.508

O.558
•586
•611
.6%
.660

O. 742

•761

•774

•790
.8O8

0.836
•851
.860

.874

.887

o. 968
•972
.978

•990
1.000

f2 = 68.2 cps

-0.700

-.270
•160

•595
1.OOO

-0. 725

-. 522

.085

•492
•872

-0.762
-. 390
-.010

.57o

.720

-0.795 -0.820

-. 455 -. 510

-. 115 -. 215
•240 .ii0

• 562 .400

-o. 845

-. 545

-.265

•050

.310

-0.858
-.595
-. 3_5
-.05o
•200

(d) Model 12D

Normalized deflection at y/Z =

e 0 0.15 0.35 0.55 0.75 0.85 1.00

fl = 24.3 eps

0

•25
•50

.75
i.O0

0.063
•145
•220

•290

•558

O. 179

•255

•520
•385
.445

0.353
.416

•470

.516

.568

f2 = 73.2

O. 538 O. 751 O.833

.586 •765 .851
•622 .785 .866

•658 .806 .882

• 695 .830 .898

cps

0.98o
.985
• 990
.995

1.000

0

•25

.50
•75

1.00

-o.555
-.238
.140

.560
1. 000

-0.574

-. 277
.072
•462
.865

-o.60o
-.330
-.018

•332

.690

-0.632

-._88
-. ii0

.200

•515

-0.664

-.446

-. 205
•060

•533

-o.68O
-.475
-.255
-. 013
.240

-0.710
-. 522
-. 352
-. 124

• 103
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TABLE Vl.- REPRESENTATIVE COUPLED MODE SHAPES OF Ti2ERED MODELS - Continued

(e) Model 6W

o
.25
.9o
.75

1.oo

o
•25
.50
•75

i.O0

x Normalized'deflection at y/_ =

° t r I Io o.15 o.35 o.95 o.75 o.85 i.oo

fl = 27.0 cps

O.050
•L30
•193
.260

•32o

O.].80

•250

.yo8
• 418

O.351
•410
•458
•508
•550

0.530
.578
•620

.657

.685

f2 = 80.5 eps

I
0.703 I 0.795

•740 1 .822

•775 .852
•798 •872
•822 •895

O.922
•945
.965
• 982

1. O00

-o. 532
-.205
•169
•57O

1.000

-o.548
-.249

.O99
•464
•857

-0.566

-.295
•010

•337
.68O

-o.582
-. 348
-.083
•194
•490

-o.599
-.397
-.169
•062
•305

-0.608

-.423
-.219
-.010
•211

-o.620
-.460
-.287
-.ii0
•072

v
o_

(f) Model 12W

x Normalized deflection a,, y/_ =
D

c 0 O.15 O.55 O.55 O.75 O.85 I i.O0

fl = 25.'icps

o

•25
•50
•79

1.00

0.065
•io5
•153
•197
•251

O.150
•195
•242

• 285

0.300
• _2
• 385
• 425
•478
IO.478 O.660

•515 •697
•550 •750
•582 •755

•629 •790

0.758
•790
•820
• 845
• 872

o.9oo
•927
.9%
•975

1.000

f2 = 80.0 cps

o
.25
.90
• 75

1.00

-o. 470
-. ].97

•172
•553

1.000

-o.483
-.237
.095
•455
.864

I -o.497

-.285
o
•317
•678

-0.508
-.550
-.096
.180

•497

-0.518
-.367
-.180

.0_7
•315

-o.5eo
-.581
-.217
-.015
•220

-0.522
-._08

-.263
-.095

.088
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TABLE VI.- REPRESENTATIVE COUPLED MODE SHAPES OF TAPERED MODEI_ - Concluded

(g) Model 9W

Normalized deflection at y/_ =
X

C
0 O.15 O. 35 O.55 O.75 O.85 1.O0

fl = 26.0 cps

0

•25

•50

•75

1.00

0

•25

•50

.75
i.O0

0

.25

•50

•75
i.O0

0.O47

.093

•165

•230
• 288

o. 156

•196

•257

•319

•37o

0.316
•355
•4O5
•454

•500

O.500

•530

•571
•610

.645

O.689

•718

.748
•778
•8Ol

O. 786
.812

.836

.860

•879

0.938

•957
•976
•99o

i.ooo

f2 = 77.2 cps

-0.457 -0.471

-.186 -.229

•147 .084

•549 .461

i.000 .872

-0. 504 -O. 526

-.284 -.339

o -.o93
• 533 • 196

•69O .504

f5 = 265 cps

-0. 559

-. 392

-. 190

•049
•314

-o.543
-.420

-.239
-.024
•216

-o. 553
-.455

-.314

-.151

•o71

-o.318 -o.4o7
-.2O2 -.511

-.126 -.213

-.086 -.159

-.o93 -.174

-0. 477

-.381
-.268

-.199
-.174

-o. 450

-.531

-.195
-.096
.066

-0.2.52
-. 066

• 116
• 292
• 484

0
•166

•328

•497

•692

O. 371

•504
•659
•802

1.000
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TABLE VIII.- TEST RESULT8 FOR TAPERED M3_L8

Model

configuration

3D-2

Natural

frequencies,

cps

cps

fl f2 f5

26 79i 269 45

45

_3

5_
5_

ff,exp, M P' a, q,
slugs/cu ft ft/sec ib/sq ft _ Rex_

0.71 50.96 × i0 -4 510 205

.76 25.63 511 198

.85 18.85 516 185

.92 14,92 918 169

•94 ]2.88 518 157

•98 11.60 510 147

1.02 11.20 5]2 Z96

1.05 ll. ll 518 162

inF. 1.08 10.66 _ i64

38 i. 16 ii. 70 507 207
3D-1 2_ 86 273 91 1.50 4.58 995 367

28 86 278 58 i. 64 5.16 9)0 599
28 89 275 98 2. O0 6.05 871 918
28 87 28O 55 2.55 5.95 78_ 1,18_
28 86 276 60 3.00 5.55 718 i, 287
27 85 276 54 5.00 5.79 719 1, 390

5D-5 18 56 252 35 5.00 2.48 698 545

5D-5 18 57 250 _ 3.98 2.67 602 768

6_-2 21 63 254 38 .68 29.73 497 170

•73 25.20 498 168

37 .78 21.65 502 167

54 .83 18.66 5O0 162

52 .89 15.68 502 158

50 .9_ 12.91 DO0 144

29 .98 11.32 9o2 ]._3
27 1.03 9.69 502 131

27 i.07 9- 24 501 1_6
28 1.13 8.85 5o6 19o

6D-I 24 73 267 90 i. 30 3.14 990 260
25 74 268 46 1.64 3.99 928 462

24 76 268 47 2.00 4.60 864 697

25 77 268 5o 2.55 4.59 774 894
25 73 270 90 3.00i £.09 711 929

24 75 268 47 3-00 4.43 714 1,017
6D-3 17 49 2b_B 5O 5.98 1,83 59O 905

6W-2 26 73 261 46 .70 23.12 902 145

44 • 76 19.95 901 145
40 .81 16._7 932 159

39 .86 13.26 9o6 u-_

36 .92 i0.65 504 ll5

53 •97 8.42 5 ].2 105

35. 1.02 7.08 5zz 98

33 1.06 6.49 506 95

33 i. ll 7.24 506 116

33 1.15 7.59 512 150
6w-1 29 87 270 60 1.30 4.43 993 569

26 86 !270 61 1.64 5.17 928 599
28 89 270 59 2. O0 5.57 866 856

28 88 270 60 2.55 6.03 780 i, 190
28 88 268 54 3.oo 5.82 718 1,353

6w-3 19 60 252 57 3.98 2.90 600 833

9W-2 25 i69 296 43 .68 26.98 504 163

40 .80 19.03 909 159

37 .86 15.77 511 155

57 • 91 14.09 508 152
36 .94 12. _5 509 146

33 .98 10.90 508 159

5o 1.o1 1o.19 506 156
50 i. O_ 9.41 507 133

50 1.07 8.45 506 126

52 1. o9 7.77 51o 121

52 1. ]2 8.06 512 135

33 i. 15 8.61 5]-1 147

Uncoupled- Coupled-

mode mode

aaalysis analysis

Rt h ff, th' Bth ft, th'

cps cps

9O.0 1-035

60.5 1. i_2

82. i i. 310

106.4 1.510

320.0 1.603

133.2 1.687
138.0 1.714!

139.0 1.697

145.0 1.718

132.0 1.677

355 i. 540 1. 112 67.5 1. 515 62.7
299 1.517 i._ 67.4 1.730 62.1

255 1.550 1.485 67.2 1.938 63.8

261 1.695 1.716 66.8 2.370 62.3

270 1.893 1.897 66.3 2.600 99.7

266 i.82" i. 893 66, 4 2. 455 61.0

622 1.897 1.9o5 44.1 2.470 _0.0

578 2.160 2.196 41.4 2.945 40.2

63.4 .947
77.0 1.0_4

87.0 1.o98
101 i. 190

]2O 1.292

146 1.45O

166 1. 514

1. 642
1.687

215 1. 708

599 1.716 1.182 59.2 1._2 53.2
472 1.645 1.567 58.8 1.720 55.7

_O9 1.687 1.5_6 58.4 1.935 5_.3

_ll 1.915 1.813 57.9 2.285 54.7
46O 2. 088 2. 023 57.5 2.590 52.7
_-25 2.05O 2.033 57.7 ..........

m. 552 2. 527 37-6 3.070 33.2
64.0 1.103

74.1 1.186

89.8 1.5o7

I/1.5 1._

k_.8 1.618
L79.5 ! 1.792
-99.0 1.955
__28.0 2.065
_.o 1.9_
.>oo. o 1.913

_ 1.518 1.1oo 7o.o 1.114 75.1
z. 487 1.252 7o. 9 z. 245 71.8

_5 z. 98_ z. _ 70. o z. 39o 7_,. 2
-_45 I.670 1.574 70.0 1.572 75.7

:54 i. 850 i. 723 70.4 i.7_0 73.6

_38 2.143 2.200 46. 5 2.02 50. 7

58.5 .992
83.0 1.172

.00.0 1.280

n2.o 1. 352
26.7 1.447
.44.7 1.9_8
.54,8 1.608
.67.7 1_.667

87.0 1.767

_03.0 1.822
.96.0 1.792
83.2 1.752

_0
0%
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TABLE VIII.- TEST RESULTS FOR TAPERED MODEL8 - Concluded

kO
¢U
q9

Mode 1

configuration

9W-I

9w-3

9D-2

9D-1

9D-_

12D-2

32D-I

12D- 3
12W-2

i_-1

12W-5

Natural

frequencies,
ff,exp, P, a_ q_

cps M slugs/Cu ft ft/sec ib/sq ftcps

fl f2 f5

26 81 268 60 1.30 4.70 X i0 -4 992

25 82 262 58 1.64 6.06 952

27 85 270 56 2.00 6.62 871

28 82 270 57 2.55 6.60 785

27 82 264 56 5.00 6.57 721

26 80 270 55 3.00 6.64 724

18 53 250 35 5.98 5.14 606

21 62 248 37 .71 26.79 496

56 .77 23.52 499

52 .86 19.64 498

28 .91 15.65 498

29 .90 16.75 499

29 .92 14.45 498

28 .94! 13.15 498

27 1.08 I ii. i0 497

27 l. 15 9.89 499

27 i. 15 9.65 495

28 i. 17 8.98 _95

24 75 265 46 1.5o 2.87 988

25 74 266 46 1.64 5.72 926

24 74 267 45 2.00 5-99 862

24 75 265 44 2.55 5-72 770

24 74 266 42 5.00 5.74 710

24 73 264 45 5. oo 5.56 709

16 52 240 27 5.98 1.82 595

22 65 519 40 .71 27.57 504

98 .79 24.98 505

55 .84 22.79 502

30 .88 18.55 505

51 .92 15.52 505

31 -97 15.05 502

51 .99 15.04 900

51 1.o4 15.o_ 5o6
50 1.06 ]2.90 504

51 l.O9 11.82 5o5

50 1.12 lO. 67 504

3o 1.18 9.52 502

26 78 554 40 i. 30 2.79 988

24 79 538 45 1.64 3.50 925

26 80 556 50 2. oo 5.78 862

27 81 540 46 2.55 5.66 768

26 79 555 47 5.00 5-31 708

17 50 284 25 2.98 i. 57 572

24 69 250 45 .70 24.90 502
40 .78 20.07 501

38 .84 16.58
36 .91 15.82 498
55 •97 li. 56 500

52 1.02 i0.14 4_

_0 1.06 8.55 532

51 1.o7 8._8 5o5

50 1.07 7.95 515

50 i.08 8.55 505

5l 1.11 8.17 512

42 1.16 9.62 506

28 86 275 60 1.30 4.70 992
24 86 260 99 1.64 6.25 930
24 86 268 58 2.00 6.64 872
27 86 265 57 2.55 6.60 785

27 84 268 58 5.00 6.05 720

26 85 264 55 5.00 6.17 725

18 96 24O 57 5.98 2.78 602

59l

7o6

1,0o5

i, 522

1,558
1,565

910

171

172

185

165

173

155

146

162

158
154

1_6

257
428

592

716
8#8

8O5

Uncoupled- Coupled-
mode mode

analys i6 analys is
Rexp

Nth ff2th, i Rth ff, th'
cps cps

526 1. 597 1.152 66.5 O. 782 88.6

299 i. 550 i. 5O9 66.9 .9O8 89.1

258 1.424 1.427 65.5 1.032 92.2

239 1.590 1.657 65.4 1.162 89.2

240 1.672 1.816 66.1 1.280 89.0

257 1.615 1.812 66.0 1.279 87.2
502 1.857 2.158 45.9 1.445 59-5

71.2 .997
81.8 1.065

97.2 1.160

122.0 i. _00

115.8 1.253

152.2 1.353

145.0 1.416

172.0 1.5#8

195.0 1.652

198.0 1.665

222.9 1.766

663 1.785 1.192 57.5 1.611 49.2

572 i. 720 I. 420 56.9 i.915 49.8

478 i.780 1.616 56.4 2. 170 49.3

511 2.050 1.906 55.8 2.530 48.4

908 2.230 2.158 95.5 2.87 #8.2

954 2.229 2. 142 55-5 .........

510 1, 046 2.69O 2.870 56.7 5. 550 55- 9

181 65.0 •985
2o0 71.5 1.o56
205 78.5 i.o86

185 96.5 1.2ce
171 115.0 1.315
159 157.0 1.4%

161 157.0 1._42

185 157.0 1.425
188 158.5 1.457

180 151.0 i. 505

172 167.2 i. 581

165 191.5 1.697
250 659 1.895 i._i 60.2 1.580 58.0

401 509 1.855 1.575 59.6 1.8_0 57.5

598 471 1.910 1.810 59.2 2.140 57.6

701 486 2.21 2.171 58.3 2.580 57.6

7#8 538 2.457 2.460 97.8 2.920 59.2

559 1,300 2.990 2.965 57.7 5.600 54._

156 61.5 1.020
196 76.2 i. 141
149 925 1. 257
145 11o.6 1.582
1_ 1_.4 1.5o5
155 19O.8 1.615
128 179.o 1.7o7
122 182.6 1.757

122 195. o 1.775
126 185.2 1.751

155 187.2 1.7#8
170 159.0 1.650

591 526 1.#85 1.19o 67.8 1.o25 84.8
727 2_ 1.572 1.510 67.8 1.142 84.5

1,010 29o i. I$20 1.46o 67.1 1.282 84.5

1,522 251 1-575 1.660 67.2 i.#85 8&.5

1,407 255 1.762 1.857 67.2 1.757 85.9

i, 450 247 1.755 1.817 65.8

798 549 2.065 2.295 _J_.3 1.965 95.5
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"---':4--'I

I

2.0

F
Panel c.g.is 0.14 inch

radius

II I

0.25 in.holes

through core

spaced for I

I I
I I

I I

i ,f4.0

aft of midchord

4.0

T
t _."-..:.:.__ ..._

".......:,"•'i"_k.'.'.t:".."'.-.:'.'...:.::..-•_" "__"J'_'_
_-'-'-_-_w_.'... :.." ;." .. _'_---------Leod ballast

"-Stainlesssteel_---BaI_awood

core and shaft co_ering

Dimension I

r ld
t
8

Values (see table I)
O, 0.04, 0.12, 0.24 in.

0.033, 0.047, 0.065 in.
0.35, 0.43, 0.56, 0.80 in.

5.0, 8.0, 11.3 deg

Figure 1.- Model geometry and construction of square models.
are in inches.

Dimensions
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kO

Reflection.._

© Mounting block bolted to
tunnel

1.0

@
iI
tl
iI
II
II
II
Jl
II
II
I

@ _Clamp

©
I j

I
@
Ii
It
I I Diamond cross-section
I I reflection plane mount
II
I I_Model shaft

Cover over shaftopening

II
I1!

Plan view

fff I

_........-J_f i /--Clamp
_.....___-__:- _--rIi

<..<:_ P'==::::::_L__ _.__ 0.5,,
-_'_- _-Shaft opening in reflection

-__ _ plane I

End view (model panel not shown for clarity)

Figure 2.- Square-model mounting system. Dimensions are in inches.
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Flow

Model

Configuration e h

Reflection plane I 3.3 2.0

(hypersonic aeroelasticity tunnel
and I I-inch hypersonic tunnel)

Reflection plane 2 1.0 2.0
(hypersonic aeroelosticity tunnel)

Reflection plane 3 4.5 0.7.5

(supersonic aeroelasticity tunnel)

---r-
e _Reflection plane

Clamp

Mounting block
secured to tunnel

wall line

(a) Supersonic and hypersonic reflecticn-plane configurations.

Tunnel wall--

Section A-A

Flow At_

Model

_'_unnel wall line

_ 7-Mounting block
secured to tunnel

0

1/32---' '--- "_" -'---Semicylindrical fairing
"_'_" extending outside test

section upstream and
downstream

(b) Transonic boundary-layer semlcir__ular fairing (solid).

Figure 3.- Methods used in the various tunnels to reduce tunnel boundary-

layer effects on square models. All limensions are in inches.

_D

_D
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6.50

___J '.___.

-_2.90--_

g edge

_-Pitch axis

k_ _idchord

I 10.05
I

q) q 0 T0.58

5.80

= 003
(aluminum

core)

06c, 0.09c, and 012c
ead

core foam ballast

Single-wedge airfoils

• --''" "-" " t/003c, 006c, 009c,

_Tz_"_"_ ' " and 0,20
41umin mu _'Plastic _/_'ead ballast

core foam

Double-wedge airfoils

Figure 4.- Geometry and construction of tapered models. All dimensions
are in inches.
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D

D
-t

12.0 in.

/ _ "_v openings contoured /
/_ give appro ix_ately /

•-_enecnon plane _ plain el 1/16 in. cleor,_nce /
wall _ around airf,_ils

Tunnel mounting block
attached to tunnel
retracting me

O

T_unnel /-Reflection

wall plane

I o clamping barsI

)ening in tunnel wall

i

Spacer
mount cover

Flow

i

i

mounting

0.75 in.

(a) Langley 9- by 18-inch supersonic aeroelasticity tunnel.

Figure 6.- Method of mounting tapered models in tunnels.
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B

6.(

Semicircular fairing
extends out of test

section in both directions

)

Tunnel mounting block- k
attached to tunnel \ f--'-'-3

_ I II II
,, r -_. , :,o,, c,,,
II _'-" k_'l II II

II __ _"_ .__-."111

Boundary layer J

fillet

Flow

Tunnel wall j J

Section A-A

(b) Langley 2-foot transonic aeroelasticity tunnel.

Figure 6.- Concluded.
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kO
£U

'4D

I

FPitch axis

/-Flapping axis

I\ 2.50in.

,2.58in. \ ]

i

\
edLeading i

/

77f_

7 _

i II _

i
\

Panel (including mounting shaft) c.g.

_-f2 typical node line

f3 typical node line

Figure 7-- Typical node lines for tapered models.
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_D

1.6

1.4

1.2

1.0

Rexp "

.6

.4

Symbol

[]

/k

<>

.2

1.8

1.6

1.4

1.2

1.0
Rth

Rexp. 8

.6

.4

.2

tic

.09

.14

.20

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
IM

(a) Uncoupled-mode anal_rsis.

Symbol t/__£c

FI .09

/_ .14

0 .20

0

<>

0 1.0 20 3.0 4.0 5.0 6.0 _0
M

(b) Coupled-mode analysis.

Figure lO.- Comparison of experimental and theoretical stiffness-

altitude parameters for square models with sharp leading and

trailing edges.
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2.2

2.0

1.8

ff,th 1.6

ff, exp 1,4

1.2

1.0

.8

f
0

1.6

S_ymbol

n

/k

<>

t/c

.09

.14

.20

A

[]
n

O

D

A

1.0 2.0 30 4.0 5.0 6.0 7.0
M

(a) Uncoupled-mode analysis.

1.4

1.2

1.0

ff,exp

.6

.4

.2

O

Symbol tic

17 .09

Z_ .14

20

[]

A

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

(b) Coupled-mode ana]_vsl s.

Figure ll.- Comparison of experimental and theoretical flutter

frequencies for square models.
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